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Charge reversal at  the P3’ position  in  protein C 
optimally  enhances thrombin  affinity 
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Abstract: We have  examined  the  properties  of several human 
protein C (HPC)  derivatives with substitutions  for  acidic resi- 
dues  near  the  thrombin cleavage site,  including  changing  the 
P3’  Asp  to  Asn  (D172N),  Gly (D172G), Ala  (D172A), or Lys 
(D172K). The  rate  of  thrombin-catalyzed  activation  of  D172N, 
D172G,  and  D172A  was  increased 4-9-fold compared  to wild- 
type  HPC,  primarily  due  to a reduction in the  inhibitory effect  of 
calcium and a resulting  increase in  affinity  for  free  a-thrombin. 
There was no  significant  increase in activation  rate or affinity 
with  these 3 derivatives in the  absence  of  calcium,  confirming 
that  P3’  Asp  affects  calcium  dependency in the  native  protein 
C molecule.  With  charge reversal at  P3’ (D172K), there was  a 
30-fold increase  in  activation rate in the presence of calcium, but 
unlike the  other derivatives, there was a substantial effect  (5-fold) 
on  the  activation  rate  and  affinity  for  free  a-thrombin in the 
absence  of  calcium.  Thus,  protein C affinity  for  thrombin  ap- 
pears  to  be  influenced by a combination  of  calcium-dependent 
and  -independent  effects  of  the  acidic  P3’  residue. 
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Human  protein C (HPC) is a plasma  serine  protease  that when 
activated  by  thrombin serves as a major  feedback  regulator  of 
the  coagulation  cascade (reviewed by Esmon, 1987). At physi- 
ological levels of  calcium,  protein C is a very poor  substrate  for 
free  a-thrombin,  however, it is a  relatively good  substrate  for 
thrombin in the  absence  of  calcium, or when  thrombin is com- 
plexed with  the  integral  membrane  protein,  thrombomodulin. 
Previously, we and  others have shown by site-directed mutagen- 
esis that  neutralization  of  acidic  residues  near  the  thrombin 
cleavage site  e.g.,  Asp  at  the  P3  and  P3’  positions, increases ac- 
tivation by free  a-thrombin  due  to a reduction  in  the  inhibitory 
effect  of  calcium  (Ehrlich et a]., 1990;  Rezaie & Esmon, 1992; 
Richardson  et  al., 1992). When  bound  to  thrombomodulin,  the 
inhibitory  influence of these  acidic residues  in protein C has 
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been  suggested to  be  reduced  due  to a conformational  change 
in thrombin (Ye et al., 1991). In this report, we demonstrate  that 
the  acidic  P3’  residue  not  only  affects  calcium-induced  inhibi- 
tion,  but  that  the  charge  at  this  position  plays a major  role  in 
the  poor  affinity  of  protein C for  thrombin. 

Shown in Figure 1A is a schematic of  the  native  HPC  mol- 
ecule, and  the  location of the P3’ Asp residue that was changed 
to  Asn  (D172N), Gly (D172G),  Ala  (D172A), or Lys (D172K). 
There was no significant  effect of these alterations  at  P3’  on  the 
functional  protease  activity  as  determined by previously  de- 
scribed methods (Grinnell et al., 1991). Each  of the substitutions 
for  the  acidic  residue  at P3’  resulted in  an  increase in the  rate 
of  activation  in  the presence of  calcium (Fig. 1B). The  increase 
in rate  appeared to be related to  the  polarity of the change, with 
the reversal of  charge  from  acidic (wild type) to  basic  (D172K) 
having  the  greatest  effect  on  rate,  -30-fold.  As  expected,  the 
inhibitory effect  of  calcium on  a-thrombin-catalyzed activation 
was reduced, with half-maximal  inhibitory  calcium  concentra- 
tions  for each  derivative giving similar values in the range of 0.4- 
0.8 mM,  compared  to -0.15  mM  for  the wild type.  The 
magnitude of  this  effect on calcium inhibition was not, however, 
as  great  as  the  value  of 4.4 mM  reported  with  the D172G sub- 
stitution in protein C lacking the  Gla-domain (Rezaie & Esmon, 
1992), suggesting that  the  Gla-domain  attenuates  the calcium de- 
pendency  of  thrombin  activation. 

Although  the D172K change  did  not  appear to  reduce the cal- 
cium inhibition  substantially  more  than  that  of  the  other deriv- 
atives, the  rate  of activation of D172K was  substantially  higher. 
We determined  activation rates in the absence  of  calcium (5  mM 
EDTA),  and, in contrast  to  the results above, derivatives D172N, 
D172G,  and D172A showed no significant  increase  in  the  rate 
of  a-thrombin-catalyzed  activation,  but D172K still showed a 
5-fold  increase. Kinetic analyses  showed  increased  affinity  of 
D172K for  thrombin  as  demonstrated by a decrease  in K,,, from 
-24 pM for wild-type HPC t o  -5 pM for D172K, with little 
change  in kc,,. Thus,  there  appears  to  be a direct  affect  of  the 
acidic  P3’  residue on  affinity  for  thrombin  that is independent 
of  the  previously  described  effect  of  this  residue on calcium- 
dependent  activation. Based on structural analysis of  thrombin, 
it can  be  speculated  that  the  Glu  at  position 39 in  the S3’ sub- 
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Fig. 1. Analysis  of  thrombin-catalyzed  activation  rates  of  protein  C  de- 
rivatives  with  substitutions at  the  P3’  residue. A: Schematic  represen- 
tation of processed  protein C.  Numbers  refer  to  amino  acid  positions 
in  the  mature  protein  (following  removal  of  the signal sequence and  pro- 
peptide).  The  light  chain  contains  a  region of y-carboxyglutamic  acid 
(GLA)  residues  that is required for  calcium-dependent  membrane  bind- 
ing and  functional  activity  (reviewed  by  Gardner & Griffin, 1983), and 
2  epidermal  growth  factor  (EGF)-like  regions.  The  site  for  thrombin 
cleavage of  the  activation  peptide  (AP) is indicated. The designation  P3’ 
refers to  the  third  position  C-terminal  to  the  thrombin cleavage site. Each 
amino  acid  change  was  made  by  PCR  site-directed  mutagenesis  of  the 
cDNA  coding  sequence  using  as  primers:  D172A,  5’-TCT  CTC  CCG 
CGG  CTC ATT GCT GGG  AAG  ATG A-3‘; D172G, 5“TCT  CTC  CCG 
CGG  CTC ATT GGT GGG  AAG  ATG A-3‘; D172K, 5”TCT  CTC  CCG 
CGG  CTC  ATT AAG GGG  AAG ATGA-3’. Reconstruction  of  the  cod- 
ing  sequence,  the  primer  for  D172N,  and  expression  vector  construc- 
tion  were  essentially as  described  previously  (Richardson  et  al., 1992). 
Stable  recombinant 293 cell lines  secreting  wild-type HPC  and each  of 
the  derivatives  were  created  by  isolation  of  hygromycin-resistant  clones 
as previously  described  (Grinnell  et  al., 1991), and  HPC  in  the  condi- 
tioned  culture  medium was purified  from  serum-free  conditioned  cul- 
ture  medium  by  published  procedures  (Yan  et  al., 1990). B: Activation 
rates  were  determined at  37 “C using human  a-thrombin  as  described 
previously (Grinnell et al., 1991). The  amount  of  activated  protein  C gen- 
erated  was less than 10% of the  initial  zymogen  in  all  experiments. 

site of thrombin could interact with the P3’ residue of throm- 
bin substrates (reviewed by Stubbs & Bode, 1993). Of interest, 
LeBonniec and Esmon (1991) generated a mutant of thrombin 
E39K that activated protein C several-fold faster, and it  was  sug- 
gested that this change in thrombin mimicked the catalytic 
switch induced by thrombomodulin. Our  data would be consis- 

tent with charge repulsion between the P3’ Asp of protein C and 
Glu 39 of thrombin, resulting  in  reduced affinity, and conversely 
the increased activation rate observed with P3’ mutant D172K 
could be due  to a  more  favorable  charge  interaction at this 
thrombin subsite. Our  data would also  favor a direct electro- 
static repulsion in the substrate binding pocket independent of 
conformational change. Overall, protein C affinity for  throm- 
bin appears to be influenced by a  combination of calcium- 
dependent and -independent effects of the acidic P3’ residue. 

Of further  interest, we combined the previously described 
change at  the P3 position, D167F (Ehrlich et al., 1990), with 
each P3’ derivative, and the resulting combination resulted in 
a synergistic increase in activation rate. Strikingly, D167F/D172K 
showed an activation  rate  approximately 100-fold higher than 
wild-type HPC in the presence of calcium, again due  to a com- 
bination of decreased calcium inhibition and increased affinity 
observed even  in the absence of  calcium (data not shown). These 
data differ from  the results of Rezaie and Esmon (1992) using 
Gla-domainless protein C, in which acidic P3 plus P3’ neutral- 
ization did not result  in synergy, further suggesting that the Gla- 
domain influences calcium-dependent activation, despite the 
demonstration of Gla and epidermal growth factor-independent 
calcium  sites for activation (Rezaie & Esmon, 1992; Rezaie  et al., 
1 992). 

Acknowledgments 

The assistance of Bruce  Glover  in  the  synthesis of oligonucleotides and 
of Stan  Burgett  and  Ivan  Jenkins  in  DNA  sequencing is acknowledged. 

References 

Ehrlich HJ, Grinnell BW, Jaskunas SR, Esmon  CT,  Yan  SB,  Bang  NU.  1990. 
Recombinant human protein C derivatives: Altered response to calcium 
resulting in enhanced activation by thrombin. EMBO J 9:2367-2373. 

Esmon CT.  1987. The regulation of the natural anticoagulant pathway. Sci- 
ence 235:1348-1352. 

Gardner  JE,  Griffin  JH. 1983. Human protein Cand thromboembolic  dis- 
euse, vol I .  New York: Grune & Stratton.  pp. 265-278. 

Grinnell BW,  Walls JD, Gerlitz 8. 1991. Glycosylation of human  protein  C 
affects its secretion, processing, functional activities and activation by 
thrombin. J Biol Chem 226:9118-9785. 

LeBonniec  BF, Esmon CT.  1991.  Glu-192-Gln substitution in thrombin mim- 
ics the catalytic switch induced by thrombomodulin. Proc Natl Acad Sci 
USA 88:1371-7375. 

Rezaie AR, Esmon CT.  1992. The function of calcium in protein C activa- 
tion by thrombin  and  thrombin-thrombomodulin complex can be dis- 

267:26104-26109. 
tinguished by mutational analysis of protein C derivatives. JBiol Chem 

Rezaie AR, Esmon NL, Esmon CT.  1992. The high affinity calcium-binding 
site involved in protein C activation is outside the first epidermal growth 
factor homology domain. J Biol Chem 267:11701-11704. 

Richardson MA, Gerlitz B, Grinnell BW. 1992. Enhancing protein C inter- 

360:261-264. 
action with thrombin results in a clot-activated anticoagulant. Nature 

Stubbs MT,  Bode W. 1993. A player of many parts:  The spotlight falls  on 
thrombin’s structure. Thromb  Res 69:l-58. 

Yan SCB, Razzano P, Chao YB,  Walls JD, Berg  DT, McClure DB, Grinnell 
BW.  1990. Characterization and  novel purification of recombinant human 

Ye J, Esmon NL, Esmon CT, Johnson AE. 1991. The active site of thrombin 
protein C  from three mammalian cell lines. Bio/Technology 8:655-661. 

is altered upon binding to  thrombomodulin. J Biol Chem 266:23016- 
23021. 


